Abstract. Droughts are becoming the most expensive natural disasters in China and have exerted serious impacts on local economic development and ecological environment. The fifth phase of the Coupled Model Intercomparison Project (CMIP5) provides a unique opportunity to assess scientific understanding of climate variability and change over a range of historical and future period. In this study, fine-resolution multimodel climate projections over China are developed based on 7 CMIP5 climate models under RCP8.5 emissions scenarios by means of Bilinear Interpolation and Bias Correction. The results of downscaled CMIP5 models are evaluated over China by comparing the model outputs with the England Reanalysis CRU3.1 from 1951 to 2000. Accordingly, the results from the output of downscaled models are used to calculate the Standardized Precipitation Index (SPI). Time series of SPI has been used to identify drought from 20th century to 21st century over China. The results show that, most areas of China are projected to become wetter as a consequence of increasing precipitation under RCP8.5 scenarios. Detailed examination shows that the SPI show a slightly increasing trend in the future period for the most parts of China, but drought in Southwest region of China will become the norm in the future RCP8.5 scenarios.
Introduction
The fourth Intergovernmental Panel on Climate Change (IPCC, 2007) assessment released in 2007 reports that a changing climatology of precipitation on regional scales under global warming has begun to affect the frequency, intensity, and duration of drought over the world. With the global warming, droughts are becoming the most expensive natural disasters in China and have exerted serious impacts on local economic development and ecological environment. The fifth phase of the Coupled Model Intercomparison Project (CMIP5) set of experiments (Taylor et al., 2012) provides a unique opportunity to assess scientific understanding of climate variability and change over a range of 20th century and future 21st century under the new greenhouse gas emission scenarios termed "Representative Concentration Pathways" (Moss et al., 2010; Meinshausen et al., 2011) . But the CMIP5 models have a typical resolution of a few hundred kilometres, which is too coarse to provide the essential regional-scale variables information required in regional climate change impact assessment (Wilby and Wigley, 1997; Wang and Chen, 2014) . Statistical downscaling methods are perhaps the most widely used to bridge the gap between GCMs simulations and what is needed in climate impact studies (Storch and Zwiers, 1999) .
Based on the quantile-based mapping method (CDF matching) (Panofsky and Brier, 1958) , Li et al. (2010) developed the equidistant CDF matching method (EDCDFm), which has been shown to provide downscaling capabilities comparable to other statistical and dynamical methods. The EDCDFm assumes that the difference between the model and observed value during the training period also applies to the future period, which can bias correction of CMIP5 models near surface meteorological fields and is more sensitive to reduced variability in the future projection (Wang and Chen, 2014) .
In this study, we use the EDCDFm to downscale the precipitation and temperature of CMIP5 models. Based on the output of downscaled CMIP5 models, the standardized precipitation index (SPI) was calculated to analyze the future trend of drought over China. The data used are introduced in Sect. 2. Section 3 describes the methods used in this study. Section 4 shows the performances of the statistical downscaled models' simulations over China. Section 5 shows the results of the projected change in drought by SPI. Section 6 shows the conclusions.
Study area and data sources
China has a complicated terrain, in which climate varies greatly from region to region. In this research, the whole territory of China was subdivided in seven regions ( Fig. 1 ): Northeast China (NE), Northern China (N), Southeast China (SE), Eastern Northwest China (ENW), Southwest China (SW), Western Northwest China (WNW), and Tibet plateau (Tibet).
Monthly surface air temperature and precipitation output databases from 7 CMIP5 models are selected for the climate change projections in China under the RCP8.5 scenario. The RCP8.5 scenario assumes high population growth and high energy demand without climate change policies. Table 1 gives an overview of the associated institution, the resolution of the atmosphere, and the atmospheric model component of those CMIP5 models. The observations used in this study are gridded monthly temperature and precipitation data prepared by the Climatic Research Unit (CRU) time-series 3.1 dataset (www.cru.uea.ac.uk/cru/data/hrg/) from the University of East Anglia for the global land surface at 0.5 • × 0.5 • resolution for the period 1950 -2000 (New et al., 2002 .
Methodology

The equidistant CDF matching method
The EDCDFm method was developed by Li et al. (2010) , which has been shown to provide downscaling capabilities comparable to other statistical and dynamical methods (Li et al., 2010; Wang and Chen, 2014) . The EDCDFm is based on the quantile-based mapping method (CDF matching, CDFm hereafter) (Panofsky and Brier, 1958) maps the distribution of monthly general circulation models variables (precipitation and temperature) onto that of gridded observed data with Eq. (1). The EDCDFm assumes that the difference between the model and observed value during the training period also applies to the future period, which means the adjustment function of the entire distribution matches that of the observations for the training period remains the same. For that reason, the difference between the CDFs for the future and historic periods is also taken into account (Eq. 2).
(1)
where F is the CDF of either the observations (o) or model (m) for a historic training period or current climate (c) or future projection period (p). The more detail information about this method can be found in reference of Li et al. (2010) . In this study, we applied the equidistant CDF matching method (EDCDFm) to downscaled the 7 CMIP5 models to 1 • × 1 • spatial resolution.
The standardized precipitation index (SPI)
The SPI was proposed by McKee et al. (1993) , which quantifying precipitation deficit for multiple time scales and identifying dry and wet events and their severity (Moreira et al., 2006) . The SPI is a meteorological index, which is solid theoretical development, robustness, and versatility in drought analyses (Redmond, 2002) . The SPI allows analyzing drought impacts at different temporal scales identify different drought types since particular systems and regions can respond to drought conditions at very different time scales. In this study, the downscaled CMIP5 models output are used to calculate the SPI at 12 months' time scales with 1 • × 1 • spatial resolution.
The assessment methods for model performance
The validation statistical indices of Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) were employed to evaluate downscaled and original CMIP5 models performance based on the CRU data series both in terms of temporal distribution and amount. The formula for RMSE and MAE are given by Eqs. (3) and (4):
where, K si and K oi are the model estimate and the observed value, respectively. Table 2 shows the RMSE between the simulated and observed monthly mean precipitation and temperature for each model in China. The RMSE of precipitation simulated by original 7 CMIP5 models are greater than 30 mm m −1 for four models (bcc-csm1-1, CCSM4, GISS-E2-R, and NorESM1-M), 20 mm m −1 for CanESM2 and CSIRO-Mk3-6-0 model, and 14 mm m −1 for MRI-CGCM3 model, respectively. The RMSE for temperature are range from 1.83 to 3.43 • C. This indicates that most models could accurately recreate the observed climatology for temperature and could not well recreate the precipitation in China. Through the EDCDFm downscaling processes, the monthly temperature and precipitation all have a slightly lower RMSE than original models. The RMSE of temperature and precipitation decrease to about 1.2 • C and 13 mm m −1 , respectively. Figure 2 shows the biases of temperature between the simulated and observed monthly mean for each model and calendar month. For the seasonal cycle, the simulated temperature in warm seasons is better than that in cool seasons. The MAE of original models in January and July are 2-4 and 0-3 • C, respectively (Fig. 2a) . For the original models simulation, the model CanESM2 has the highest skill in reproducing the climatological temperature over China than other 6 models. The MAE of 7 downscaled models desease to 0.3-1.3 • C throughout the annual cycle (Fig. 2b) . Fig.3 shows that the biases of precipitation of original CMIP5 models are much larger in summer than in winter, about 26 mm m −1 vs. 12 mm m −1 in terms of mean (Fig. 3a) . Relatively large biases are noticeable in the summer of the year, with the largest MAE being more than 60 mm m −1 . For the downscaled models, the mean biases decreased to 2.3 mm m −1 occur in summer and 0.9 mm m −1 in winter (Fig. 3b) . The aboved analyses indicate that the EDCDFm has a higher accuracy for the extreme value of temperature and precipitation than that of original models.
Results and discussion
Model bias
Projected changes in temperature and precipitation
To further investigate the spatial pattern of temperature and precipitation changes, Fig. 4 maps the multimodel averaged results in each grid cell. For monthly mean temperature (Fig.4a) , the spatial patterns for the slope shows higher temperatures in winter, suggesting a much stronger warming will occur on most parts of China (including NE, N, WNW, ENW, and Tibet). In autumn, a warmer Northwest, Western Northwest, Eastern Northwest, and Tibet plateau are expected in the future under the RCP8.5 scenario. The sub-regions of Southwest and Southeast show a very slightly increasing in all seasons. Overall, the dominant feature in the 21st century is the widespread temperature increase over China.
The seasonal precipitation of the multimodel ensemble show a different spatial characteristics with temperature (Fig. 4b) . The results suggest a slightly increase in precipitation for all seasons cover almost sub-regions of China, except Southwest region. The magnitude of the increase peaks in summertime, with the smallest change in wintertime. In summertime, the downscaled outputs suggest higher precipitation for Northeast, Southeast, and Southwest, particularly for Tibet. Meanwhile, there is a slightly decreasing trend for Southwest region in three seasons except spring time.
The trend of drought in China
The SPI is negative for drought, and positive for wet conditions. As the dry or wet conditions become more severe, the index becomes more negative or positive. Based on the monthly mean precipitation of downscaled CMIP5 models output, the SPI with 12 months' time series are calculated in this study. Figure 5 shows the probability distribution of the SPI as calculated across all sub-regions from 1950 to 2049 by ensemble downscaled CMIP5 models output under RCP8.5 emission scenario. It shows that the more recent trend of SPI is similar for the precipitation in each sub-region. The trend detection using SPI indicates statistically lightly negative trend is found in SW region, which means increasing frequency of dry years. In other six regions, there are statistically slightly positive trends (increasing frequency of wet years). The meteorological index SPI is calculated only from the precipitation, which contributes to the trend of SPI in each sub-regions.
Conclusions
Evaluations of downscaled CMIP5 models performance in China show that the systematic errors in reproducing climatological temperature and precipitation by MAE are 1.08-1.16 • C and 11.8-13 mm m −1 , depending on the calendar months and the outcomes from various climate models. For the future period, the results suggest an increase in temperature over the whole country, with the largest increase occurring in winter. There are an increase in precipitation for all seasons cover almost sub-regions of China. Based on the trend analysis of SPI in each sub-region, there will be projected to have a slight increasing drought trend in SW region in the future and an increasing wetter for other six subregions of China in the future.
